When high-temperature superconducting layer-coated conductors are exposed to high electromagnetic and/or mechanical stress and strain, the superconducting layer is damaged mainly by cracking. As cracking occurs heterogeneously, the critical current and n-value of a test specimen, which is composed of a series circuit of local sections, are dependent on the extent of cracking in local sections. In this work, the correlations of the extent of cracking in local sections with the critical current and n-value of the specimen were studied by modeling analysis. When one section is cracked, the critical current and n-value of the specimen decrease with increasing crack size. When multiple sections are cracked, the properties depend on the difference in crack size among the sections. When the crack size of the sections is similar, the critical current of the specimen decreases and the n-value increases as the number of cracked sections increases. This is caused by the increased voltage and the decreased shunting current at cracks. When there are large differences in the crack sizes of the sections, the section with the largest crack controls the voltage-current behavior of the specimen and determines the reduction in the critical current and n-value. For a given size of the largest crack, the critical current of the specimen is slightly higher and the n-value is lower when there is an intermediate difference in crack size among the sections than when there is a small difference in crack size, and the critical current is lower and the n-value is higher when there is an intermediate difference in crack size than when there is a large difference in crack size.
Introduction
High-temperature superconducting layer-coated conductor tapes and high-temperature superconducting filament-embedded conductor tapes are stressed thermally, mechanically, and electromagnetically during fabrication and operation. The superconducting layers and filaments crack under high stresses, decreasing the critical current I c of coated 111) and filamentary 1222) conductors. The extent of the damage varies within a specimen, which is composed of a series electric circuit of local sections. Accordingly, the properties of a specimen, such as the I c and n-value, depend on the extent of damage in local sections.
In this work, we aimed to reveal how the I c and n-value of the local sections are related to those of the specimen in conductors coated with a (RE)Ba 2 Cu 3 O 7¹¤ (REBCO; RE = rare earth [Y, Sm, Dy, Gd, + .]) layer. We use the model reported by Fang et al., 12) which treats crack-induced changes in V-I curves. We have used this model to analyze the V-I curve and estimate the I c and n-value in cracked DyBCO-and SmBCO-coated conductors, 4, 5, 811) and in Bi 2 Sr 2 Ca 2 Cu 3 O 10+x (BSCCO) filamentary conductors 22) containing collective cracks that are composed of successively fractured filaments in a transverse cross-section. 18, 22) We showed that the experimentally measured V-I curves, I c , and n-value are described by this model. Moreover, we have used the model to describe the effects of specimen length on I c and n-value in a specimen where one crack is formed locally. 11) This model well describes the experimental observation that when cracking occurs locally, I c increases slightly and the n-value decreases sharply in longer specimens. 10) In the present work, the effects of heterogeneous cracking on I c and n-value were studied using a model specimen composed of three local sections. We examined how heterogeneous cracking affects the superconducting properties of specimens where the number of cracked sections was different and the cracks were the same size, and where there were large and small differences in crack size among the cracked sections.
Model for Analysis

Model specimen and calculation method
The top panel in Fig. 1 shows a schematic representation of the model specimen with a length of L = 4.5 cm, composed of a series circuit of three sections (S1, S2, and S3) with a length of L 0 = 1.5 cm. This configuration was taken from the test specimen used experimentally in our previous studies. 8, 10) A schematic of the difference in cracking among the sections in the specimen is also presented. The number of cracked sections in a specimen, N, was 1, 2, or 3, indicating cracks in one (S1), two (S1, S2), or three (S1, S2, S3) sections. For N = 1, 2, and 3 in Fig. 1 , the difference in crack size was varied (see Section 2.2), and the effects of the number of cracked sections and the difference in crack size among the cracked sections on the V-I curve, I c , and n-value of specimens were studied. The model reported by Fang et al. 12) was used to calculate the V-I relationship for the cracked sections, from which the V-I curve of the specimen was obtained by a series electric circuit calculations. The V-I curve of a non-cracked section is expressed as
where I c0 is the critical current and n 0 is the n-value of the sections in the non-cracked state, and E c (= 1 µV/cm) is the critical electric field for determining the critical current. Figure 2 11) shows a schematic representation of (a) the current path and (b) the simplified electrical circuit under an existing crack, based on the crack-induced current shunting model reported by Fang et al. 12) In the transverse crosssection that contains a crack, the cracked region that has lost its superconductivity and the ligament (non-cracked) region that retains its superconductivity form a parallel circuit. We define the ratio of the cross-sectional area of the cracked region to the total cross-sectional area of the tape as f. The ligament with an area ratio of 1 ¹ f transports current I RE . In the cracked region with area ratio f, the current I s (= I ¹ I RE ) shunts into a stabilizer such as Ag and Cu. The shunting circuit in Fig. 2(b) has resistance R t . The voltage arising in the ligament that transports current I RE is shown as V RE in Fig. 2(b) . The voltage V s = I s R t , which arises in the cracked region from shunting current I s , is equal to V RE because the ligament and cracked regions form a parallel circuit. We can express the V-I relation of the cracked section (L 0 = 1.5 cm) as 4, 5, 811) V
where the crack opening displacement is s (¹ L 0 ).
12)
Although s was used as the crack opening displacement in the model reported by Fang et al., 12) it can be replaced with the current transfer length. Equations (2) and (3) can be derived in the same form, even when s is taken as current transfer length. The term ð1 À fÞðL 0 =sÞ 1=n 0 in eq. (3) is the ligament parameter. To monitor the crack size, we use ð1 À fÞðL 0 =sÞ 1=n 0 directly for calculating the V-I curve with eqs. (2) and (3) . The larger the crack size, the smaller ð1 À fÞðL 0 =sÞ 1=n 0 becomes, as in our previous work.
11 ) The ligament parameter ð1 À fÞðL 0 =sÞ 1=n 0 was derived by the authors 4, 5) by modifying the formulations of Fang et al.
The physical meaning of ð1 À fÞðL 0 =sÞ 1=n 0 is the ratio of the I c in the cracked state to that in the non-cracked state (I c /I c0 ), in the virtual case where the voltage V RE arising at a crack is equal to the whole voltage V and current shunting is negligible (I s = V RE /R t μ 0 in eq. (3)). 11) In practice, current shunting can be larger. In addition, voltage arises at cracks and in non-cracked region when the cracks are small, and hence I c /I c0 is not equal to ð1 À fÞðL 0 =sÞ 1=n 0 . However, ð1 À fÞðL 0 =sÞ 1=n 0 still approximates I c /I c0 fairly well, as we showed in our previous studies on a REBCO-coated conductor 4, 5, 11) and a BSCCO filamentary conductor.
22)
The V-I relation for the non-cracked section was calculated with eq. (1), and that of the cracked section with eqs. (2) and (3) . Because the specimen consists of a series electric circuit of sections S1, S2, and S3 (Fig. 1) , the current of the specimen and each section is the same:
Furthermore, the voltage of the specimen is the sum of the voltages of all sections:
Thus, using eqs. (1)(5), the V-I relation of the specimen with a length L = 4.5 cm was calculated, together with V RE , I RE , and I s in the cracked sections as a function of V and I. From the calculated V-I curves, I c of the specimen was obtained as a value of I at E = E c = 1 µV/cm, corresponding to V = V c = E c L = 4.5 µV. The n-value of the specimen was obtained by fitting the EI curve with E £ I n for the electric field range E = 0.110 µV/cm, that is, by fitting the V-I curve with V (= LE) £ I n for the voltage range V = 0.45 45 µV.
Input values
The resistance, R t , in the shunting circuit was taken to be 2 µ³, which was an average value estimated by applying eqs. (2) and (3) to the measured V-I curves of the cracked DyBCO-coated conductor with a length L 0 = 1.5 cm. 8) The I c and n-value of the non-cracked section with a length L 0 = 1.5 cm were I c0 = 200 A and n 0 = 40, respectively, as in our recent work.
11) The V-I curve, I c , and n-value were simulated for Models 1 to 3-D.
Model 1: One section (S1) was cracked and the other sections (S2 and S3) were not cracked, corresponding to N = 1 in Fig. 1 . In the calculation of the V-I curve, eq. (1) was used for non-cracked sections (S2 and S3), and eqs. (2) and (3) for a cracked section (S1). The crack size was varied widely by changing the value of ð1 À fÞðL 0 =sÞ 1=n 0 from 0.025 to 1 to monitor the crack size (larger cracks correspond to smaller ð1 À fÞðL 0 =sÞ 1=n 0 ). Model 2: Two sections (S1 and S2) were cracked and the other section (S3) was not cracked, corresponding to N = 2 in Fig. 1 . This model was used to simulate the following two scenarios by changing the input values.
Model 2-A: The crack size in the two cracked sections (S1 and S2) was the same; the same value of ð1 À fÞðL 0 =sÞ 1=n 0 was used for both S1 and S2. The value of ð1 À fÞðL 0 =sÞ 1=n 0 was varied widely (0.0251).
Model 2-B: The crack size in one cracked section (S2)
1/n = 0.5) and the crack size in another cracked section (S1) was varied widely (the value of ð1 À fÞðL 0 =sÞ 1=n 0 was changed from 0.025 to 1). By using this model, the cases where the crack in one section (S1) was much larger than, similar to, and much smaller than the crack in the other section (S2) were studied.
Model 3: All sections (S1, S2, and S3) were cracked, corresponding to N = 3 in Fig. 1 . With this model, the following four scenarios were studied by changing the input values.
Model 3-A: The crack size in all sections (S1, S2, and S3) was the same; the same value of ð1 À fÞðL 0 =sÞ 1=n 0 was used for S1, S2, and S3. The value of ð1 À fÞðL 0 =sÞ 1=n 0 was varied widely (0.0251). The I c and n-value obtained by Model 3-A were compared with those obtained by Models 1 and 2-A, to reveal the effects of the number of cracks on I c and the nvalue of the specimen.
Model 3-B: As in Model 2-B, the effects of the difference in crack size on I c and n-value were studied. The crack size in one cracked section (S1) was varied widely (ð1 À fÞðL 0 =sÞ 1=n 0 was changed from 0.025 to 1). The crack size in the other two cracked sections (S2 and S3) was fixed
As in Models 2-B and 3-B, the effects of the difference in crack size on I c and n-value were studied. The crack size in one cracked section (S1) was varied widely (ð1 À fÞðL 0 =sÞ 1=n 0 was changed from 0.025 to 1). The crack sizes in the other cracked sections (S2 and S3) were fixed (ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:4 for S2 and 0.6 for S3).
Model 3-D:
The I c and n-value of a specimen were studied in the case where the crack sizes in the sections were similar. The ð1 À fÞðL 0 =sÞ 1=n 0 values for S1, S2, and S3 were given in steps of 0.05: ð1 À fÞðL 0 =sÞ 1=n 0 , ð1 À fÞðL 0 =sÞ 1=n 0 þ 0:05, and ð1 À fÞðL 0 =sÞ 1=n 0 þ 0:10 for S1, S2, and S3, respectively, where the value of ð1 À fÞðL 0 =sÞ 1=n 0 was varied widely from 0.05 to 1. When ð1 À fÞðL 0 =sÞ 1=n 0 þ 0:05 and ð1 À fÞðL 0 =sÞ 1=n 0 þ 0:10 were higher than 1, eq. (1) was used for calculating the V-I curve of the sections.
The input values of ð1 À fÞðL 0 =sÞ 1=n 0 for the cracked sections in all models are shown in Table 1 .
Results and Discussion
Effects of crack size and number of cracks on
critical current and n-value in specimens containing cracks of the same size Models 1, 2-A, and 3-A were used to examine the effects of the number of cracks, N, on the I c and n-value of the specimen ( Table 1 ). The crack size in the cracked sections was taken to be the same. The crack size was monitored with ð1 À fÞðL 0 =sÞ 1=n 0 : the smaller the value of ð1 À fÞðL 0 =sÞ 1=n 0 , the larger the crack.
Examples of the calculated V-I curves are shown in Fig. 3 for Model 1 (N = 1) and Model 3-A (N = 3) for ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:5, 0.7, and 0.9. The critical current I c of the specimen with L = 4.5 cm was obtained as the value of I at V = V c = 4.5 µV. The n-value of the specimen was obtained by fitting the V-I curves with V £ I n for the voltage range V = 0.4545 µV. To show the change in n-value with ð1 À fÞðL 0 =sÞ 1=n 0 and N visually, the V-I curves in Fig. 3 are plotted on a logarithmic scale. The n-value corresponds to the average slope of the logarithmic V-I curve in the range V = 0.4545 µV. The dotted line denotes the V-I curve of the non-cracked specimen, showing that log(V) is linearly related to log(I) and the slope corresponds to n = n 0 = 40 (eq. (1)). The V-I curves of cracked specimens in Fig. 3 show the following: (i) with increasing crack size (decreasing ð1 À fÞðL 0 =sÞ 1=n 0 ), the V-I curve shifted toward the lower current region and the average slope of the curve decreased, and (ii) as N increased, the VI curve shifted slightly toward the lower current region although the slope of the curve increased. Figure 4 shows the effects of N on the relations between (a) I c and ð1 À fÞðL 0 =sÞ 1=n 0 , and (b) n-value and ð1 À fÞðL 0 =sÞ 1=n 0 , calculated by Models 1, 2-A, and 3-A. It was found that increasing crack size reduced both I c and nvalue through the shift of the V-I curve and its decreased slope, and the increase in N reduced I c slightly although the n-value was increased by the shift of the V-I curve and its increased slope.
The Higher by 0.05 than the value of S2
and 4(a); the higher the number of cracks, the lower I c for any value of ð1 À fÞðL 0 =sÞ 1=n 0 . In eq. (3), the value of ð1 À fÞðL 0 =sÞ 1=n 0 ¼ I c =I c0 is held in a virtual state of V = V RE and I s (= V RE /R t ) = 0. In actual conductors, this state does not occur. However, V = V RE is retained over a wide range of ð1 À fÞðL 0 =sÞ 1=n 0 less than about 0.8 4, 5) and I s at V = V c is low, as discussed below. Accordingly, ð1 À fÞðL 0 =sÞ 1=n 0 still gives a fairly good approximation of the I c value, as shown in Fig. 4(a) .
The change in I c and n-value with crack size and number of cracks was affected by current shunting at the cracks, as shown in Fig. 5 , where the curves for V-I and the REBCOtransported current in the cracked cross-section, V-I RE , with a logarithmic scale are shown by solid and dashed curves, respectively. The shunting current I s = I ¹ I RE is given by the difference in current between the V-I and V-I RE curves, as indicated by $ in Fig. 5 . For a given N, I s increased with decreasing ð1 À fÞðL 0 =sÞ 1=n 0 , reducing the slope of the logarithmic V-I curve in the range V = 0.4545 µV. Thus, the n-value decreased with increasing crack size. For a given ð1 À fÞðL 0 =sÞ 1=n 0 , I s decreased with increasing N due to the increased voltage of the specimen (the voltage of the specimen is the sum of the voltages of cracked sections). Accordingly, the n-value was higher for larger N (Fig. 4(b) ). As V increases, I s increases, which increases I c . However, at V = V c = 4.5 µV, I s was small in comparison with I c , as shown in Fig. 5 and in our former work using a specimen with L = 4.5 cm. 4) Thus, the deviation of I c from ð1 À fÞðL 0 =sÞ 1=n 0 was small (Fig. 4(a) ). In contrast, the nvalue was estimated to be in the range V = 0.45 to 45 µV. At V = 0.45 µV, I s was very small (Fig. 5) . However, at V = 45 µV, I s became very large, which reduced the slope of the logarithmic V-I curves and hence reduced the n-value. Consequently, the effect of I s on the n-value was larger than that on I c .
Effects of difference in crack size on critical current
and n-value in specimens containing cracks with different sizes In this subsection, based on the calculation results for Models 2-B, 3-B, 3-C, and 3-D, for specimens containing cracks with different sizes (Table 1) , the effects of differences in crack size on the I c and n-value of the specimen are discussed.
In Model 2-B, S1 and S2 were cracked, and S3 was not cracked. The value of ð1 À fÞðL 0 =sÞ 1=n 0 (crack size) for S2 was fixed at 0.5. Accordingly, from the V-I curves calculated for a wide variety of ð1 À fÞðL 0 =sÞ 1=n 0 values for S1, the effects of the difference in crack size between S1 and S2 on the I c and n-value of the specimen could be detected. Figure 6 shows examples of the V-I curves of the specimen and sections, calculated with Model 2-B. In these examples, the value of ð1 À fÞðL 0 =sÞ 1=n 0 for S1 was (a) 0.25, (b) 0.55, and (c) 0.85, respectively, and that for S2 was 0.5. The calculated V-I curves in Fig. 6(a) and (c) correspond to the cases where the size of the crack in S1 was much larger and much smaller than that in S2, respectively, and the V-I curves in Fig. 6(b) are for where the crack in S1 was similar to that in S2.
When the crack was much larger in S1 than in S2, the V-I curve of S1 was in a much lower current range than the curves for a cracked S2 and a non-cracked S3, as shown in Fig. 6(a) . The voltage in the range 0.45 to 45 µV of the specimen occurred in S1 only, and thus the V-I curve of the specimen was the same as that of S1. Similarly, when the crack in S1 was much smaller than that in S2 (Fig. 6(c) ), the V-I curve of S2 was in a much lower current range than the S1 and S3 curves. A voltage in the range 0.45 to 45 µV occurred in S2 only and the V-I curve of the specimen was the same as that of S2. Therefore, when there were large differences in crack size, the larger crack determined the V-I curve and hence I c and the n-value, as has been observed experimentally. 10) This implies that, even when many cracks are formed, if one of them is much larger than the others, the largest crack determines the V-I curve, I c , and the n-value of the specimen, as in the cases in Fig. 6(a) and (c) .
When the crack sizes in S1 and S2 were similar (Fig. 6(b) ), the voltage occurred mainly at S2 with a larger crack (ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:5) in the initial stage of the V-I curve of the specimen. However, in the later stage, the voltage occurred at S1 with a smaller crack (ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:55), which also contributed to the voltage of the specimen. Accordingly, I c at V = V c = 4.5 µV was still mainly determined by the larger crack, although the n-value obtained in the voltage range V = 0.45 to 45 µV was strongly affected by both cracks.
Where two cracks of different sizes are formed, the larger crack determines I c and the n-value; however, when the crack size is similar, I c is still mainly determined by the larger crack although both cracks contribute to the voltage and hence determine the n-value of the specimen. Figure 7 shows the changes in (a) I c and (b) n-value with ð1 À fÞðL 0 =sÞ 1=n 0 for S1, calculated with Models 2-B, 3-B, and 3-C. The calculation results for Models 1, 2-A, and 3-A in Fig. 4 are also reproduced for comparison.
In Models 2-A and 2-B, S1 and S2 were cracked and S3 was non-cracked. In Model 2-A, the value of ð1 À fÞðL 0 =sÞ 1=n 0 for S2 was the same as that for S1, and it was varied from 0.025 to 1. In Model 2-B, the value of ð1 À fÞðL 0 =sÞ 1=n 0 for S2 was fixed at 0.5 and only the value of ð1 À fÞðL 0 =sÞ 1=n 0 for S1 was varied from 0.025 to 1. This difference caused the following differences in I c and n-value. Effects of Heterogeneous Cracking of Superconducting Layer on Voltage-Current Curve, Critical Current, and n-Valueexceeded the value of 0.5 for S2, the I c -determining section varied from S1 to S2. Thus, for ð1 À fÞðL 0 =sÞ 1=n 0 > 0:5 for S1, I c was determined by the larger crack in S2 and thus I c remained almost constant regardless of the value of ð1 À fÞðL 0 =sÞ 1=n 0 for S1. Figure 7 (b) shows that in Model 2-A, the n-value increased with ð1 À fÞðL 0 =sÞ 1=n 0 . However, in Model 2-B, in the region below ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:35, the n-value increased with ð1 À fÞðL 0 =sÞ 1=n 0 following the curve of Model 1, in which only one section was cracked. In the ð1 À fÞðL 0 =sÞ 1=n 0 < 0:35 region, the n-value was lower than that in Model 2-A where two sections contained cracks of the same size. These results resembled those in Fig. 6(a) where S1 with a larger crack determined the V-I curve, and hence the I c , and n-value were almost equal to those of Model 1. In the ð1 À fÞðL 0 =sÞ 1=n 0 > 0:35 region, the n-value increased and reached a maximum at ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:5 in Models 2-B and 2-A because ð1 À fÞðL 0 =sÞ 1=n 0 for S1 reached 0.5, equal to the fixed value of 0.5 for S2. In the region where ð1 À fÞðL 0 =sÞ 1=n 0 > 0:5, the n-value decreased with increasing ð1 À fÞðL 0 =sÞ 1=n 0 for S1 up to ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:65 and then remained nearly constant. The results in the range 0:35 < ð1 À fÞðL 0 =sÞ 1=n 0 < 0:65 were similar to those shown in Fig. 6(b) where the difference in crack size was small and both S1 and S2 contributed to the V-I curve of the specimen. At around ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:35, the voltage arising at S1 was almost equal to the voltage of the specimen because the voltage at S2 and S3 was very low. In the ð1 À fÞðL 0 =sÞ 1=n 0 > 0:35 region, the size of the crack in S1 approached that in S2, and the voltages at S1 and S2 contributed to the voltage of the specimen. In the range 0:35 < ð1 À fÞðL 0 =sÞ 1=n 0 < 0:50, the contribution of the voltage at S2 increased with increasing ð1 À fÞðL 0 =sÞ 1=n 0 for S1. When ð1 À fÞðL 0 =sÞ 1=n 0 for S1 reached the value of 0.5 for S2, the n-value of the specimen reached a maximum because the difference in crack size between S1 and S2 reached a minimum of 0. Thus, the n-value at ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:5 in Model 2-B was the same as the n-value in Model 2-A (Fig. 7(b) ). In the range 0:50 < ð1 À fÞðL 0 =sÞ 1=n 0 < 0:65 where the size of the crack in S2 was larger than that in S1, the contribution of the voltage of S1 decreased with increasing ð1 À fÞðL 0 =sÞ 1=n 0 and reached zero at around ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:65. The results in the range ð1 À fÞðL 0 =sÞ 1=n 0 > 0:65 were similar to the results in Fig. 6(c) , where the crack size in S2 was much larger than that in S1 and only S2 determined the I c and n-value of the specimen. As a result, the I c and n-value remained nearly constant, regardless of the value of ð1 À fÞðL 0 =sÞ 1=n 0 for S1 ( Fig. 7(b) ). The nearly constant n-value in this range was equal to ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:5 for S2 in Model 1. Thus, the n-value was very sensitive to the difference in crack size, whereas I c was very sensitive to the largest crack.
The same features were observed in the calculation results of Model 3-B, in which S2 and S3 had a fixed value of ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:5, and the value of ð1 À fÞðL 0 =sÞ 1=n 0 of S1 was varied from 0.025 to 1. The results in Fig. 7 show that the I c and n-value increased with ð1 À fÞðL 0 =sÞ 1=n 0 up to ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:35 following the line estimated by Model 1. This was caused by the dominance of the largest crack in S1 over the two smaller cracks in S2 and S3. In the range 0:35 < ð1 À fÞðL 0 =sÞ 1=n 0 < 0:65, where the sizes of the cracks in all sections were similar, all sections contributed to the voltage of the specimen. The n-value increased with ð1 À fÞðL 0 =sÞ 1=n 0 for S1 and reached its maximum at ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:5 where the difference in crack size was zero. The maximum n-value at ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:5 was the same as the n-value estimated by Model 3-A ( Fig. 7(b) ). For ð1 À fÞðL 0 =sÞ 1=n 0 > 0:65, the contribution of S1 disappeared and the largest cracks with ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:5 in both S2 and S3 determined the I c and n-value of the specimen. Thus, the I c and n-value remained almost constant regardless of the value of ð1 À fÞðL 0 =sÞ 1=n 0 for S1, and were equal to those at ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:5 in Model 2-A. The results of Models 2-B and 3-B in Fig. 7 indicate that, when the difference in ð1 À fÞðL 0 =sÞ 1=n 0 between the sections with the largest and second largest cracks was larger than around 0.15, the voltages of the sections with the second and third largest cracks did not contribute to the specimen V-I curve. Moreover, the voltage of the section with the largest crack determined the V-I curve. Therefore, if S2 has a fixed small ð1 À fÞðL 0 =sÞ 1=n 0 value, S3 has a fixed ð1 À fÞðL 0 =sÞ 1=n 0 value larger by 0.2, and the ð1 À fÞðL 0 =sÞ 1=n 0 value for S1 is varied widely, the contribution of S3 shall be negligible. To confirm this, Model 3-C was used, in which S2 and S3 had fixed values of ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:4 and 0.6, respectively, and the value of ð1 À fÞðL 0 =sÞ 1=n 0 for S1 was changed from 0.025 to 1. The calculation results for Model 3-C in Fig. 7 show that the I c and n-value in the range ð1 À fÞðL 0 =sÞ 1=n 0 < 0:25 were governed by S1 with the largest crack, those in the range 0:25 < ð1 À fÞðL 0 =sÞ 1=n 0 < 0:55 was governed by both S1 and S2 with similar size cracks, and those in the range ð1 À fÞðL 0 =sÞ 1=n 0 > 0:55 were governed by S2 with the largest crack (ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:4). The constant I c and n-value in the range ð1 À fÞðL 0 =sÞ 1=n 0 > 0:55 were equal to the values at ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:4 in Model 1. This confirms that S3 did not contribute to the V-I behavior.
3.3 Critical current and n-value of specimens containing similarly sized cracks When the difference in ð1 À fÞðL 0 =sÞ 1=n 0 among the cracked sections was smaller than around 0.15, the voltages of the cracked sections contributed to the voltage of the specimen. Model 3-D was used to investigate the I c and n-value where the three sections had cracks with a size difference of less than 0.1 for ð1 À fÞðL 0 =sÞ 1=n 0 (Table 1 ). The value of ð1 À fÞðL 0 =sÞ 1=n 0 in S1, S2, and S3 was given in steps of 0.05: ð1 À fÞðL 0 =sÞ 1=n 0 , ð1 À fÞðL 0 =sÞ 1=n 0 þ 0:05, and ð1 À fÞðL 0 =sÞ 1=n 0 þ 0:10, respectively, and ð1 À fÞðL 0 =sÞ 1=n 0 was varied widely. Figure 8(a) shows an example of the V-I curves of S1, S2, S3, and the specimen, calculated by Model 3-D. In this example, S1, S2, and S3 had values of ð1 À fÞðL 0 =sÞ 1=n 0 ¼ 0:50, 0.55, and 0.60, respectively. The voltage that arose in the sections contributed partially to the total voltage of the specimen, as shown in Fig. 8(b) . At V = 0.45 µV, the voltage of the specimen was almost equal to the voltage of S1, which contained the largest crack. At V = V c = 4.5 µV, the voltage of S2 was added to that of S1. At V = 45 µV, all sections contributed to the voltage of the specimen. Thus, when the difference in crack size was small, the voltage of each section contributed to the voltage of the specimen, especially at high V. Figure 9 shows the changes in (a) I c and (b) n-value with ð1 À fÞðL 0 =sÞ 1=n 0 for S1 calculated by using Model 3-D, together with the results of Model 1 (one crack) and Model 3-A (three cracks of the same size). When the difference in crack size was small, I c increased with ð1 À fÞðL 0 =sÞ 1=n 0 almost linearly, as in the cases calculated with Models 1 and 3-A. I c calculated with Model 3-D was slightly higher than that for Model 3-A and slightly lower than that for Model 1, whereas the difference in I c À ð1 À fÞðL 0 =sÞ 1=n 0 among Models 1, 3-A, and 3-D was small and could not be distinguished on the scale used in Fig. 9(a) . In contrast, the difference in n À ð1 À fÞðL 0 =sÞ 1=n 0 among the models was clear (Fig. 9(b) ) where the n-value calculated by Model 3-D was much lower than that for Model 3-A, and higher than that for Model 1. Both the I c and n-value mainly depend on two factors: the largest crack that controls the transportable cross-sectional area of the superconducting current; and the crack size distribution, which controls the contribution of the section voltages to the specimen voltage, and the change in I s with voltage. Figures 4, 7, and 9 show that I c depends on the largest crack and the n-value depends on both the largest crack and crack size distribution. were similar (S1 had the lowest ð1 À fÞðL 0 =sÞ 1=n0 value, and S2 and S3 had ð1 À fÞðL 0 =sÞ 1=n0 values 0.05 and 0.10 larger than that of S1, respectively.).
Conclusion
In this work, the relationship between the extent of cracking of local sections and the I c and n-value of the specimen was studied by modeling analysis using a model specimen composed of a series electric circuit of three sections and a current shunting model at cracks. The main results are summarized as follows.
(1) The I c and n-value of the specimen decreased with increasing crack size. When the specimen contained cracks of the same size, I c decreased slightly and the nvalue increased greatly with an increase in the number of cracked sections because of the increased voltage and decreased I s at the cracks. (2) When the largest crack in one section was much larger than the cracks in the other sections, the range of current in the V-I curve of the section containing the largest crack was very different from the V-I curves of other sections. Thus, the section with the largest crack decreased the I c and n-value of the specimen. (3) When the cracks were a similar size, the largest crack still determined I c . The n-value was higher than that in the specimen where the largest crack was much larger than the other cracks, because of the voltage at the second and third largest cracks. (4) The sensitivity of I c and n-value to N and differences in crack size was different. I c varied slightly with N and with the difference in crack size. Conversely, the nvalue was very sensitive to the change in N and the difference in crack size.
